Introduction {#s1}
============

Impaired visual search is one of the primary characteristics of spatial neglect. Patients with this disorder may fail to find personal belongings or may bump into obstacles when these are presented in contralesional space (Halligan and Marshall, [@B28]; Milner and McIntosh, [@B32]). Consequently, visual search tasks are among the most sensitive tests of spatial neglect. Several reports have shown that the visual search deficit of neglect patients varies as a function of the extent to which the task engages serial or parallel mechanisms of spatial attention. These studies were strongly influenced by work with healthy participants showing that performance in visual search for targets defined by a unique feature (*feature search*, e.g., a red *O* among red *X*s) is largely independent of the number of distracters (Treisman and Gelade, [@B54]; Treisman and Gormican, [@B55]) whereas when the target is defined by a unique combination of features (*conjunction search*, e.g., a red *O* among red *X*s and green *O*s) search times linearly increase with increasing numbers of distracters (Treisman and Gormican, [@B55]). Feature search is effortless and the target automatically "pops-out" among the distracters, suggesting that the search items are examined pre-attentively and in parallel. Conjunction search is effortful and search times depend on the number of distracters, suggesting that they are processed attentively and serially (Bricolo et al., [@B10]). The time necessary to examine an individual item in the display (i.e., the search rate) is expressed as the slope of a simple regression computed with search times for targets embedded in displays with increasing display size. In pop-out search the search rate approaches zero whereas in serial search it is in the order of several tens of milliseconds (Treisman and Gormican, [@B55]).

Functional imaging and virtual lesion studies using transcranial magnetic stimulation indicate that the posterior parietal cortex (PPC) plays a special role in feature binding and conjunction search (Corbetta et al., [@B13]; Ashbridge et al., [@B2]). This is confirmed by several reports of patients with damage to PPC exhibiting visual binding deficits in the form of illusory conjunctions (Cohen and Rafal, [@B11]; Friedman-Hill et al., [@B22]). Previous visual search studies examined the question whether the contralesional impairment of spatial attention characterizing neglect affects serial and parallel search mechanisms to the same degree, or whether pre-attentive processing---as is required in search for pop-out targets---is preserved. However, these studies have produced equivocal results. Regarding serial search for feature combinations, most studies agree that neglect patients have much slower search rates for contralesional targets (Riddoch and Humphreys, [@B47]; Humphreys and Riddoch, [@B29]; Aglioti et al., [@B1]; Esterman et al., [@B21]). In contrast, while some studies found that search for pop-out targets is impaired in the contralesional visual field (Eglin et al., [@B19]; Pavlovskaya et al., [@B36]; Behrmann et al., [@B6]; Eramudugolla and Mattingley, [@B20]), others reported intact performance (Aglioti et al., [@B1]; Esterman et al., [@B21]).

Several factors might account for these differences. Ipsilesional distracter stimuli strongly capture attention of patients with neglect (Posner et al., [@B38]; Morrow and Ratcliff, [@B33]; Golay et al., [@B24]), and this effect is particularly strong when distracters share perceptual properties with the search target (Ptak and Schnider, [@B41]). Some studies have shown that the number of ipsilesional distracters strongly affects visual search for a contralesional target (Eglin et al., [@B19]; Grabowecky et al., [@B27]), suggesting that impaired attentional disengagement might underlie deficient visual search performance (Posner et al., [@B38]; Bonato et al., [@B8]; Schnider et al., [@B52]). Peru and Chelazzi ([@B37]) proposed that visual search in neglect is better described as result of interactions between a focused or distributed mode of processing rather than by the distinction between pre-attentive and attentive mechanisms. According to this proposal, patients with slight forms of neglect have difficulty directing focused attention to the contralesional hemifield while patients with severe neglect have an additional ipsilesional bias preventing distribution of attention across the hemifields. Finally, differences in search performance of patients with neglect might also be related to the anatomical location of brain damage. Thus, neglect patients with damage involving the inferior temporal cortex show particularly slow search for contralesional conjunction targets (Ptak and Valenza, [@B45]).

Reconciling these different proposals is difficult, as feature and conjunction search likely rely on distinct, but partially overlapping attentional mechanisms. Rather than using distinct feature and conjunction tasks we investigated the underlying attentional processes by presenting the different items of a conjunction display separated in time. We showed neglect patients a feature display and added supplementary distracters following a variable preview period, which transformed the display into a conjunction display. This is a variant of the preview paradigm (Olivers and Humphreys, [@B35]) in which participants are shown a preview of a set of distracters (e.g., green *H*s) some time (e.g., 1000 ms) prior to adding the second set of items (e.g., blue *A*s), which includes the target (blue *H*). Thus, apart from the preview period the task conforms to a standard conjunction search task. Nevertheless, healthy participants exhibit search rates compatible with fast, parallel search, indicating that the preview period effectively reduces the task to a feature search task.

In the present study the target (a green *T*) was presented together with the previewed items (red *T*s), before adding the remaining distracters (green *L*s). Thus, during the preview period the task was a standard feature task, and it only became a conjunction task once the remaining distracters were added. The search rate (expressed as a function of preview duration) in the modified preview task is therefore an indicator of the time needed to activate pre-attentive search mechanisms.

Materials and methods {#s2}
=====================

Participants
------------

Nine patients (three females) with left spatial neglect following recent right-hemispheric brain injury and 13 neurologically healthy control participants (eight females) participated in this study. Approval was obtained from the ethical committee of the University Hospital Geneva, and all participants gave written informed consent. The demographic data and results of clinical testing are presented in Table [1](#T1){ref-type="table"}. Control participants and neglect patients had comparable age (*t*~20~ = 0.89), and all but one ambidextrous control subject were right-handed. All neglect patients manifested behavioral symptoms of visual neglect (e.g., unawareness of persons or objects placed contralesionally; difficulty with dressing, eating, grooming etc.) as well as objective neglect signs in at least three out of five neglect tests: the "Bells" cancellation test (Gauthier et al., [@B23]), cancellation of inverted among upright *T*s (Ptak et al., [@B44]), line bisection (Schenkenberg et al., [@B50]) and sentence copying (Wilson et al., [@B60]). Patients had preserved visual fields, as assessed on clinical confrontation and/or computerized perimetry (white dot presented on black background).

###### 

**Demographic and clinical characteristics of neglect patients and control participants**.

  **Patients**    **Age**       **Days post-injury**   **Aetiology**   **Bells cancellation (left omissions, out of 15)**   **Inverted T cancellation (left omissions, out of 27)**   **Line bisection (ipsilesional bias in %)**   **Sentence copying (words missed)**
  --------------- ------------- ---------------------- --------------- ---------------------------------------------------- --------------------------------------------------------- --------------------------------------------- -------------------------------------
  **N1**          63            39                     CVI             11                                                   27                                                        31.4                                          6
  **N2**          68            48                     Haemorrhage     14                                                   13                                                        20.1                                          6
  **N3**          73            44                     CVI             15                                                   27                                                        10.7                                          5
  **N4**          51            43                     Haemorrhage     15                                                   27                                                        33.7                                          4
  **N5**          86            20                     CVI             11                                                   14                                                        8.8                                           10
  **N6**          69            19                     Haemorrhage     15                                                   27                                                        23.7                                          15
  **N7**          80            44                     CVI             15                                                   18                                                        --12.4                                        0
  **N8**          80            111                    CVI             8                                                    7                                                         9.6                                           2
  **N9**          68            134                    CVI             15                                                   27                                                        1                                             4
  Neglect mean    70.9 ± 10.6   55.7 ± 39.7                            13.2 ± 2.6                                           20.8 ± 7.9                                                14 ± 14.8                                     5.8 ± 4.4
  Controls mean   68 ± 10.6                                                                                                                                                                                                         

Visual search task
------------------

In the visual search task participants were required to search for a green *T* presented on black background among varying numbers of distracters (green *L*s and red *T*s). The search displays were constructed by plotting letters on an imaginary circle (diameter: 11.4°), divided in sixteen equal sectors (Figure [1](#F1){ref-type="fig"}). Letters, uppercase *L* and *T*, were bright red (RGB-values: 255, 0, 0) or green (RGB-values: 0, 255, 0), and were 0.76° high × 0.67° wide. Search displays contained 4, 8, or 16 elements. On target-present trials (two thirds of all trials) one of these was the target (green *T*) and the remainder distracters; on target-absent trials all search elements were distracters. On 67% of all target-present trials the target was presented at position 4 in the right visual field (RVF) or position 12 in the left visual field (LVF). On the remaining trials it could appear at one of the positions 2, 6, 8, 10, 14 or 16, selected randomly, while distracters could appear at all positions. Thus, when the search display contained 16 elements, all positions were occupied, while when it contained 4 or 8 elements positions were selected randomly with the constraint that at least two items appeared in each hemifield.

![**Displays used in the visual search task. (A)** Schematic presentation of the 16 positions on an imaginary circle, on which search items were presented. **(B)** Three examples of search displays with different display sizes and the target (green T) presented at different positions. Note that in reality letters were shown on black background and that their size is exaggerated in comparison to the circle.](fnhum-06-00093-g0001){#F1}

Stimuli were presented on a 15′ laptop screen running at a resolution of 1280 × 768 pixels, placed at a distance of 60 cm from the participant. In the preview conditions, the search display was separated into a first display (preview) and a second display (final view). The preview display contained the target as well as all distracters that differed from the target only by their color (i.e., red *T*s). The final view contained distracters that differed from the target by their form (i.e., green *L*s). In the no-preview condition the target and all distracters were presented simultaneously. Each trial started with the presentation of a white fixation cross in the middle of the screen. After 1000 ms either the final display appeared (no-preview condition) or a preview display, followed after 300 ms or 600 ms by the final display. In both preview conditions the task was therefore reduced to a color search task and only became a conjunction search task once the preview period ended. The final display stayed on until there was a response, or for a maximum duration of 5000 ms. Thus, the design of the task was a 2 (Target Position: *LVF, RVF*) × 3 (Display Size: *4, 8, 16 items*) × 3 (Preview Condition: *0, 300, 600 ms*) factor experiment. Stimuli were presented in blocks of 63 trials consisting of two trials per Target Position × Display Size × Preview Condition cell, nine trials with the target-presented randomly at other than the left/right positions, and 18 target-absent trials.

Participants were instructed to press the space bar as soon as they detected a green *T* and to withhold reaction when the target was absent. Control participants completed 10 blocks, resulting in 20 trials per cell; neglect patients completed up to 30 blocks, resulting in up to 60 trials per cell.

Temporal judgment task
----------------------

Three neglect patients (N7, N8, N9) and seven controls (C7--C13) were tested in a temporal judgment task, which examined participants\' perception of the temporal order of events. The experimental setup was the same as in the visual search task, with two important modifications. First, only target-present displays were shown. Second, participants were informed that some items of the display might appear earlier than the remaining items. Their task was to indicate whether all items were presented *at the same time*, or whether the target *T* was presented *prior to* a subset of distracters. Participants gave their answer orally, and the experimenter registered the answer by pressing on one of two different keyboard buttons. Each participant completed at least ten blocks of 45 trials, resulting in at least 20 trials per Target Position × Display Size × Preview Condition cell.

Results {#s3}
=======

Response accuracy
-----------------

The number of false alarms was very low in both groups (1.04 and 2.78% in controls and neglect patients, respectively) and was therefore not analyzed. Table [2](#T2){ref-type="table"} shows the percent targets missed by control participants and neglect patients. Omission rates were close to zero in the control group and were therefore not analyzed. Across conditions neglect patients missed on average 0.8--7.4% ipsilesional targets. Not surprisingly their omission rates were much higher for contralesional targets (between 11.6--34%). These results were analyzed with repeated-measures ANOVA with the factors Target Position, Display Size and Preview Condition. Significant effects were followed-up computing *post-hoc* pairwise comparisons (Fisher test) with Bonferroni-adjusted level of significance. The analysis revealed significant main effects of Target Position \[*F*~(1,\ 8)~ = 30.25, *P* \< 0.001\], Display Size \[*F*~(2,\ 16)~ = 16.62, *P* \< 0.001\] and Preview Condition \[*F*~(2,\ 16)~ = 13.55, *P* \< 0.001\], as well as significant interactions of Target Position × Display Size \[*F*~(2,\ 16)~ = 10.83, *P* \< 0.01\], Target Position × Preview Condition \[*F*~(2,\ 16)~ = 3.99, *P* \< 0.05\] and Display Size × Preview Condition \[*F*~(4,\ 32)~ = 8.05, *P* \< 0.001\]. We did not analyze these effects further because of the presence of a significant three-way interaction of Target Position × Display Size × Preview Condition \[*F*~(4,\ 32)~ = 3.11, *P* \< 0.05\]. *Post-hoc* comparisons revealed that whereas there was no difference across conditions for target omissions in the RVF, the percentage of LVF omissions significantly increased with increasing display size, but only in preview conditions 0 and 300. Thus, neglect patients found the search task hardest when the target was presented in the LVF, when many distracters were present, and when all display items were presented simultaneously or with a short preview. As will be seen in the following section this pattern is similar to the pattern of reaction times (RTs) and the findings can therefore not be explained by a speed-accuracy trade-off.

###### 

**Average percent missed targets in the control and neglect group as a function of target position (LVF, RVF), display size (4, 8 or 16 items) and preview condition (0, 300 or 600 ms)**.

               **Controls**   **Neglect**                                                                                                             
  ------------ -------------- ------------- ----------- --- ----------- ----------- ------------- ------------- ------------- ----------- ----------- -----------
  **0 ms**     1.1 ± 3.3      0.6 ± 1.7     0.6 ± 1.7   0   1.1 ± 2.2   1.7 ± 3.5   12.2 ± 9.7    16.8 ± 11.4   34 ± 12.1     3.3 ± 4.2   4.6 ± 5.7   7.4 ± 8
  **300 ms**   0              0             0.6 ± 1.8   0   0           0.6 ± 1.7   13.5 ± 12.7   17.7 ± 12.9   24.4 ± 15.7   1.8 ± 2.6   0.8 ± 1.8   4.1 ± 5.4
  **600 ms**   0.6 ± 1.8      0             0           0   0           0.6 ± 1.7   11.6 ± 12     12.4 ± 11.7   17.7 ± 15.4   2.1 ± 2.8   4.1 ± 5.5   3.1 ± 3.3

Reaction time
-------------

Before analyzing possible effects of search conditions on RT, we examined the possible contribution of a bias resulting from the fact that targets appeared more often at positions 4 (right) and 12 (left) than any other position (this constraint being introduced in order to limit the number of experimental trials). We argued that, if participants were influenced by the biased probability of target occurrence, their omission rates and RTs for the most frequent positions of the target would gradually decrease. In order to test this prediction, we analyzed RTs of neglect patients to all LVF and RVF targets across 10 experimental blocks. Repeated-measures ANOVAs did not reveal any change in omission rates (LVF: \[*F*~(9,\ 72)~ = 0.58\]; RVF: \[*F*~(9,\ 72)~ = 1.22)\] or RTs (LVF: \[*F*~(9,\ 72)~ = 1.34\]; RVF: \[*F*~(9,\ 72)~ = 1.94)\] in neglect patients. Though this finding does not definitely exclude a bias due to different location probabilities, it suggests that the contribution of such a bias was negligible.

As Figure [2](#F2){ref-type="fig"} shows the pattern of RTs to ipsilesional targets is comparable between groups. In contrast, neglect patients were differently affected by search conditions when searching for contralesional targets.

![**Mean reaction time of controls and neglect patients as a function of target position, display size and preview condition (LVF/RVF: left/right visual field)**.](fnhum-06-00093-g0002){#F2}

In an initial analysis, results were submitted to a mixed ANOVA with Group (control, neglect), Target Position, Display Size and Preview Condition as factors. This analysis revealed significant main effects of Group \[*F*~(1,\ 16)~ = 23.23, *P* \< 0.001\], Target Position \[*F*~(2,\ 16)~ = 23.36, *P* \< 0.001\], Display Size \[*F*~(2,\ 32)~ = 51.11, *P* \< 0.001\], and Preview Condition \[*F*~(2,\ 32)~ = 107.31, *P* \< 0.0001\]. All two-way and three-way interactions were significant: Group × Target Position \[*F*~(1,\ 16)~ = 28.67, *P* \< 0.0001\], Group × Display Size \[*F*~(2,\ 32)~ = 7.98, *P* \< 0.01\], Group × Preview Condition \[*F*~(2,\ 32)~ = 7.87, *P* \< 0.01\], Target Position × Display Size \[*F*~(2,\ 32)~ = 9.65, *P* \< 0.001\], Target Position × Preview Condition \[*F*~(2,\ 32)~ = 5.99, *P* \< 0.01\], Display Size × Preview Condition \[*F*~(4,\ 64)~ = 58.71, *P* \< 0.0001\], Group × Target Position × Display Size \[*F*~(2,\ 32)~ = 16.71, *P* \< 0.0001\], Group × Target Position × Preview Condition \[*F*~(2,\ 32)~ = 16.98, *P* \< 0.0001\], Group × Display Size × Preview Condition \[*F*~(4,\ 64)~ = 6.60, *P* \< 0.001\], and Target Position × Display Size × Preview Condition \[*F*~(4,\ 64)~ = 8.18, *P* \< 0.0001\]. Finally, the four-way interaction between all factors was also significant \[*F*~(4,\ 64)~ = 17.96, *P* \< 0.0001\].

In order to better understand this complex pattern, we decided to follow up these results with separate repeated-measures analyzes of RTs to LVF and RVF targets, focusing on the factors Group, Display Size and Preview Condition.

For targets presented in the RVF this analysis revealed significant effects of Display Size \[*F*~(2,\ 32)~ = 49.4, *P* \< 0.0001\] and Preview Condition \[*F*~(2,\ 32)~ = 66.48, *P* \< 0.0001\], as well as an interaction between these two factors \[*F*~(4,\ 64)~ = 29.59, *P* \< 0.0001\]. Pairwise comparisons showed that in both preview conditions RTs were comparable across different display sizes, but increased from display size 4--16 when all items were presented simultaneously. In addition, RTs were longer in the no-preview condition compared to both preview conditions for all three display sizes. The main result of these comparisons was that no interaction with the factor Group reached significance, indicating that in the RVF neglect patients had a pattern of results comparable to healthy participants.

The same analysis on RTs to LVF items revealed significant effects of Group \[*F*~(1,\ 16)~ = 32.46, *P* \< 0.0001\], Display Size \[*F*~(2,\ 32)~ = 30.89, *P* \< 0.0001\] and Preview Condition \[*F*~(2,\ 32)~ = 67.95, *P* \< 0.0001\]. The two-way interactions of Group × Display Size \[*F*~(2,\ 32)~ = 12.95, *P* \< 0.0001\], Group × Preview Condition \[*F*~(2,\ 32)~ = 16.92, *P* \< 0.0001\] and Display Size × Preview Condition \[*F*~(4,\ 64)~ = 37.4, *P* \< 0.0001\] were significant. Most importantly, the three-way interaction of Group × Display Size × Preview Condition was significant \[*F*~(4,\ 64)~ = 15.12, *P* \< 0.0001\]. Pairwise comparisons showed for the control group very similar results as for RVF targets: RTs increased with increasing display size only when all items were presented simultaneously, and RTs were longer in this condition compared to both preview conditions at display sizes 8 and 16. The same differences were also found for the data of neglect patients. However, in addition patients showed also a significant increase of RTs in the 300 ms preview condition when the display contained 16 items compared to when it contained only four items. Only when the preview was as long as 600 ms were RTs independent of display size.

Thus, the main finding of these analyzes is that visual search of healthy participants depended on display size only when all items were presented simultaneously, while previewing the target for 300 ms or more was sufficient to turn the task into a pop-out task. This pattern was comparable for items shown in the LVF and RVF. In contrast, neglect patients showed a clear difference between visual fields: their search RT was independent of display size in both preview conditions when the target was shown in the RVF, while for LVF targets it was only independent of display size when the preview was 600 ms. These effects of item preview were further examined with analyzes of search rate.

Search rate
-----------

Figure [3](#F3){ref-type="fig"} shows the mean search rate of controls and neglect patients as a function of preview condition. The search rate is the time necessary to examine one individual item in conditions when the target is present (having used a go-nogo task we did not sample search times for target-absent trials and were therefore unable to compute search rates for these trials). Search rates close to zero indicate that search time is independent of the number of items in the display---a marker of pop-out search.

![**Mean search rates of the control and neglect group (LVF/RVF = left/right visual field)**.](fnhum-06-00093-g0003){#F3}

A mixed ANOVA revealed significant main effects of Group \[*F*~(1,\ 16)~ = 16.24, *P* \< 0.001\], Target Position \[*F*~(1,\ 16)~ = 16.83, *P* \< 0.001\] and Preview Condition \[*F*~(2,\ 32~) = 110.51, *P* \< 0.0001\]. The two-way interaction between Group and Target Position was also significant \[*F*~(1,\ 16)~ = 25.11, *P* \< 0.001\], but was not further analyzed because of the presence of a significant three-way interaction \[*F*~(2,\ 32)~ = 16.2, *P* \< 0.0001\]. Pairwise comparisons showed that the search rate of neglect patients was comparable to healthy controls when the target was presented in the RVF, irrespective of preview condition. In contrast, for targets in the LVF neglect patients had slower search rates than controls in the no-preview condition or when the preview was 300 ms. However, even at the longest preview interval neglect patients seemed to benefit less from the preview than controls. We therefore performed additional paired *t*-tests evaluating whether search rates reliably differed from zero. For control participants, this was the case only when all items were presented simultaneously (LVF: *t*~8~ = 6.1, *P* \< 0.0001; RVF: *t*~8~ = 10.6, *P* \< 0.0001). Similarly, neglect patients had a search rate significantly greater than zero when all items were presented simultaneously (LVF, mean 99 ms: *t*~8~ = 10.7, *P* \< 0.0001; RVF, mean 33 ms: *t*~8~ = 7.15, *P* \< 0.0001). However, in contrast to healthy participants their slope also differed from zero when the target was presented in the LVF and was previewed for 300 ms (mean 39 ms: *t*~8~ = 3.39, *P* \< 0.01).

Together, these findings show that while visual search of neglect patients for RVF targets is comparable to healthy participants, patients benefit less from item preview when targets are shown in the LVF.

Temporal judgment
-----------------

In order to examine to what extent the preview benefit might depend on the explicit recognition of temporal separation, three neglect patients (N7, N8, N9) and seven age-matched controls (C7--C13) were tested in a temporal judgment task. The results of these subgroups in the visual search task were similar to the whole group. Figure [4](#F4){ref-type="fig"} shows the mean percentage of trials on which the target was judged being presented simultaneously with all distracters. As the figure shows, the performance of control participants in this "slow" task was close to ceiling, and made it therefore difficult to compare with performance of neglect patients. We therefore asked six additional healthy participants (four females; mean age, 27 years) to make judgments of simultaneity using much shorter time intervals ("fast" task: 15 and 30, instead of 300 and 600 ms). Performance of neglect patients was profoundly impaired, and differed in several respects compared to healthy participants. First, patients made more "simultaneous" judgments when the number of display items increased (Friedman test, no-preview condition, LVF: χ^2^ = 6.0, *P* \< 0.05; RVF: χ^2^ = 4.67, *P* = 0.097). This appeared to be due to a generalized response bias that affected temporal judgments independently of preview condition, and was not beneficial for performance. This conclusion is supported by the observation that healthy participants performing the much more difficult "fast" task were positively influenced by item number: their performance was better with increasing display size in the no-preview condition as well as the 30 ms preview condition.

![**Mean percent "simultaneous" responses in the temporal judgment task.** Left and right panel: blue---no preview; red line---300 ms preview; green---600 ms preview. Middle panel: blue---no preview; red---15 ms preview; green---30 ms preview. The stippled horizontal line represents chance performance.](fnhum-06-00093-g0004){#F4}

Second, neglect patients\' temporal judgments were much less influenced by preview condition than controls. In the "slow" task healthy controls had a ratio of "simultaneous" judgments close to 0% in both preview conditions and 100% in the no-preview condition. A similar pattern was found in the "fast" task, when the 30 ms preview condition was compared with the no-preview condition. Only in the 15 ms preview condition were healthy participants\' judgments of simultaneity close to chance performance. In comparison, the difference between preview and no-preview conditions was much less for neglect patients. We analyzed these data by computing average scores for preview and no-preview conditions across all display sizes, and compared these within each group with non-parametric tests. Control participants made more "simultaneous" judgments for no-preview items than preview items in the "slow" task (Wilcoxon Test, LVF: *Z* = 2.37, *P* \< 0.05; RVF: *Z* = 2.36, *P* \< 0.05) and the "fast" task (LVF: *Z* = 2.20, *P* \< 0.05; RVF: *Z* = 2.2, *P* \< 0.05) whereas there was no effect of preview on neglect patients\' judgments of simultaneity (LVF: *Z* = 1.6; RVF: *Z* = 1.6). Finally, in strong contrast to the visual search task neglect patients showed comparable performance for targets presented in the LVF and targets presented in the RVF (Wilcoxon test, average across all conditions: *Z* = 0).

Discussion {#s4}
==========

The use of a preview paradigm to study visual search reveals several characteristics of search performance in patients with spatial neglect. When all items were presented simultaneously and the task corresponded to a conjunction search task, control participants exhibited search rates reflecting serial search. In contrast, when there was a preview of parts of the search display, their average search rate approached zero milliseconds in both preview conditions, suggesting parallel search. Neglect patients showed comparable performance when searching for targets in the right hemifield. In contrast, for left hemifield targets their search data were characterized by two major trends. First, when all search items were presented simultaneously patients showed increasing RTs with increasing numbers of distracters, which is compatible with previous conjunction search studies (Eglin et al., [@B19]; Esterman et al., [@B21]; Behrmann et al., [@B6]). More importantly, though search rates were strongly reduced in the preview conditions neglect patients\' visual search remained inefficient at 300 ms preview, and partly even at 600 ms preview, when the target appeared in the LVF. Thus, while neglect patients benefited from item preview of LVF items, previewing did not reduce the search task to a pop-out task.

The preview search task used in our study resembles a paradigm used in previous reports to examine a phenomenon known as visual marking, thought to result from top-down inhibition of a subset of distracters presented prior to the rest of the display (preview display; Watson and Humphreys, [@B59]). However, in a visual marking experiment the preview display only contains distracters and the search target is shown in the final display. By contrast, in our study the preview display contained the target and the final display only distracters. Though the methodological difference appears to be small, the processing requirements of the two paradigms are different: in the visual marking paradigm, search is faster because previewed items are inhibited and search is restricted to items appearing in the final display. In our paradigm, search is restricted to the subset of items presented during preview (provided the deployment of attention during preview is sufficiently fast), resulting in a pop-out effect. If the target is not found during the preview period attention may drift away due to capture by the upcoming final display.

One might be tempted to explain the failure of neglect patients to show pop-out search in the preview conditions by impaired explicit judgment of temporal simultaneity. Indeed, neglect patients exhibit deficits suggesting an altered perception of time intervals and of the temporal order of events (Becchio and Bertone, [@B5]). Thus, neglect patients have deficits perceiving the duration of stimuli both for intervals below one second (Basso et al., [@B4]) and up to 60 s (Danckert et al., [@B15]). More relevant to the present study is the observation that in situations of asynchronous presentation, a contralesional stimulus must be presented with substantial lead in order to be perceived by neglect patients as simultaneous to an ipsilesional item (Rorden et al., [@B49]; Robertson et al., [@B48]). Here, we used a similar paradigm, but varied the display size. The results of the temporal judgment task--though influenced by a response bias (patients made more "simultaneous" judgments with increasing display sizes)---revealed two important findings that are helpful in identifying the processes involved in visual search: First, the number of "simultaneous" judgments was not significantly different in the preview compared to the no-preview condition. Second, in contrast to visual search the temporal judgment deficit was independent of target side. These observations are based on a limited number of participants who did not complete the search tasks. Although they suggest that the effect of item preview on visual search is not dependent on explicit knowledge of temporal order, a more confident conclusion to this effect must await a study in which a sufficient number of patients and controls are tested on both search and temporal processing tasks.

Our findings are better explained by impaired deployment of spatial attention in neglect. Cognitive and computational models of visual search distinguish two stages of visual processing (Treisman and Gelade, [@B54]; Treisman and Gormican, [@B55]; Wolfe, [@B61]; Itti et al., [@B30]): a feature stage, at which individual features are analyzed in separate visual maps, and a conjunction stage, at which features are combined to form spatially coherent objects. According to these models spatially focused attention is necessary for the binding of individual features and the prioritization of important objects. Neurophysiological studies have shown that the activity of neurons in the PPC reflects a combination of bottom-up saliency information and top-down signals carrying information about the behavioral relevance of a stimulus (Gottlieb et al., [@B26]; Constantinidis and Steinmetz, [@B12]; Bisley and Goldberg, [@B7]). Other characteristics of the PPC---such as feature-independent coding of information and integration of inputs from several modalities---suggest that this region contains a priority map of the environment (Bisley and Goldberg, [@B7]; Ptak, [@B39]; Vandenberghe et al., [@B58]). Recent evidence from lesion studies supports this conclusion. Whereas several reports localized the greatest lesion overlap associated with neglect in the inferior parietal (Vallar and Perani, [@B56]; Mort et al., [@B34]; Golay et al., [@B25]), superior temporal (Karnath et al., [@B31]) or premotor and ventral frontal cortex (Rengachary et al., [@B46]), some have found that damage to the PPC is a predictor of specific attention deficits in neglect. Thus, damage affecting the intraparietal sulcus impairs processing of contralesional targets under bilateral stimulation (Vandenberghe et al., [@B57]), contributes to the appearance of object-based deficits (Ptak et al., [@B40]), and predicts deficits of attentional shifting and target selection in patients with neglect (Ptak and Schnider, [@B43]). Moreover, damage to the superior longitudinal fasciculus, which is a major fiber tract connecting the PPC with lateral premotor cortex (Schmahmann and Pandya, [@B51]), is a predictor of the occurrence of spatial neglect (Thiebaut de Schotten et al., [@B53]; Bartolomeo et al., [@B3]), of the preference for ipsilesional locations that characterizes this disorder (Bourgeois et al., [@B9]), and of the degree to which relevant stimuli capture attention of neglect patients (Ptak and Schnider, [@B42]). Together, these findings indicate that a frontoparietal network involving the PPC and premotor cortex is crucially involved in the elaboration and representation of attentional priority.

The question arising from these findings is how the failure of neglect patients to fully benefit from item preview can be accommodated with the idea of a parietal priority map. An influential theoretical position holds that neglect results from a spatial selection bias favoring ipsilesional information (Desimone and Duncan, [@B17]; Duncan, [@B18]). Applied to the visual search task this hypothesis postulates that due to the right-hemispheric brain damage of patients with neglect ipsilesional items have a higher level of priority than contralesional items. Priority is of importance when search is effortful and requires relatively focused examination of individual items. Therefore, ipsilesional stimuli are found faster when all stimuli are presented simultaneously (conjunction search) because search proceeds from right to left according to the degree of priority. In both preview conditions visual search is effortless (feature search) only during the preview period, and attentional priority is less biased in favor of right-sided information. However, in these conditions an additional bias likely affects performance, which is the abrupt onset of additional items at the end of the preview period. Visual onsets capture attention (Yantis and Jonides, [@B62]) and they do so particularly strongly in patients with lateralized deficits of spatial attention (de Renzi et al., [@B16]; D\'Erme et al., [@B14]). Right-sided abrupt onsets may therefore delay the activation of search mechanisms or interrupt the on-going search of neglect patients for a left-sided item.

In conclusion, the present findings suggest two additive processes that contribute to the deficit of neglect patients in conjunction search tasks: a biased representation of attentional priority in favor of ipsilesional information and exaggerated capture of attention by ipsilesional abrupt onsets. The preview paradigm provides a tool for the investigation of distinct attentional processes contributing to impaired search performance in spatial neglect.
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